been associated with more severe disease after reoperation and poorer outcomes after endoscopic sinus surgery. 3, 4 Although bacterial biofilms have been implicated in recalcitrant CRS, little is known about the specific host immune response to bacterial biofilms in CRS.
Staphylococcus aureus is the most commonly isolated bacterium from patients with surgically recalcitrant CRS. [5] [6] [7] Some experts believe that studies evaluating therapeutic intervention in CRS should specifically target S aureus biofilms. 8, 9 However, to our knowledge, few studies have examined the inflammatory responses to S aureus biofilms, and most of these have been conducted in vitro. [10] [11] [12] Therefore, additional studies are needed to advance our understanding of the crosstalk between S aureus biofilms and the mucosal host inflammatory response they elicit.
In our previous experiments, we created a rabbit model of S aureus biofilms and found that the biofilms existed stably on the maxillary sinus mucosa after 4 weeks of bacterial inoculation. 13 This model enables us to evaluate staphylococcal biofilms under in vivo conditions. In the present study, we aimed to determine the cytokine patterns associated with staphylococcal biofilms in a rabbit model in order to provide insights into the immune responses that characterize S aureus biofilm-associated CRS and, possibly, further clarify the pathogenic role of S aureus biofilms in this disease.
Materials and methods

Animals
Eighteen male New Zealand white rabbits (age, ß6 months; weight, 2.5-3.5 kg) were obtained from the Laboratory Animal Center at Fudan University (Shanghai, China). All experimental protocols were approved by the Animal Care and Use Committee of Fudan University, and the animal studies were carried out in accordance with the Ethical Guidelines for Animal Experiments established by Fudan University. The animals were acclimatized to the laboratory for 1 week and then randomly divided into 3 groups (6 rabbits per group): a blankcontrol group; a negative-control group; and a model group.
Bacterial preparation
The biofilm-forming S aureus strain (clinical isolate Sa006, as determined by the traditional crystal violet biofilm assay) 14, 15 was chosen owing to its relatively strong biofilmformation capacity. The night before the modeling surgery, a single colony of Sa006 was inoculated in tryptic soy broth supplemented with 0.5% glucose (TSBg) and incubated overnight at 37°C with shaking. Then, the bacterial suspension was diluted 200-fold with TSBg to achieve a concentration of approximately 1 × 10 6 colony-forming units/mL and kept on ice until further use.
Modeling surgery and tissue harvesting
For the model group, the rabbit model of S aureus biofilm-associated sinusitis was established surgically, as previously described by our group. 13 Briefly, a laterally based periosteal flap was elevated from the midline to the right side, and then a small hole (1.5 mm in diameter) was drilled to enter the right maxillary sinus. A piece of compressed absorbable gelatin sponge was inserted into the maxillary sinus through the hole, and the sinus was inoculated with 0.5 mL of bacterial suspension. In the negative control groups, the animals only underwent maxillotomy and gelfoam placement, without bacterial inoculation. The rabbits in the blank-control group did not receive any treatment. The rabbits were caged individually in an air-conditioned room with dark-light cycles of 12 hours and free access to water and food.
Four weeks after the modeling surgery, the rabbits were euthanized by air injection through the ear vein. The maxillary sinuses were resected and opened with a pair of scissors. The sinus mucosa was carefully removed, washed with saline, and divided into 4 segments. Two of the segments were rapidly frozen with liquid nitrogen and subsequently used for reverse transcription polymerase chain reaction (RT-PCR) and western blot analyses. The third segment was placed in 2.5% glutaraldehyde for scanning electron microscopy (SEM) specimen preparation, and the remaining segment was placed in 4% paraformaldehyde for routine histologic examination by hematoxylin and eosin (H&E) staining.
H&E specimen preparation and analysis
The mucosal specimens were fixed in 4% paraformaldehyde for 24 hours, paraffin-embedded, sectioned at 5-μm intervals, stained with H&E, and analyzed with a light microscope (Nikon Eclipse 80i epifluorescence microscope; Nikon, Tokyo, Japan). Images were acquired with a CCD digital camera at 400× magnification.
SEM specimen preparation and analysis
The specimens were fixed in 2.5% glutaraldehyde for 24 hours at 4°C, rinsed 3 times with 1× phosphate-buffered saline (PBS), fixed with 1% osmium tetroxide for 2 hours, rinsed 3 times with PBS again, and dehydrated through a graded ethanol series (50%, 70%, 90%, and 100%, for 15 minutes each). The dehydrated specimens were immersed in a mixture of 100% ethanol and isoamylacetate (2:1) for 15 minutes and then in pure isoamylacetate for another 15 minutes. All specimens were dried in a carbon dioxide critical point dryer, sputter-coated with gold, and examined by SEM (SU8010; Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV. Images were obtained at 2000× magnification.
Quantitative real-time PCR
Total RNA was isolated with an RNA isolation kit (DP431; Tiangen Biotech, Beijing, China). The concentration and quality of RNA were evaluated using ultraviolet absorbance at wavelengths of 260 and 280 nm (A 260 /A 280 ratio). Then, cDNA was synthesized from 1000 ng total RNA using the PrimeScript RT Master Mix Kit (DRR036A; Takara Biotechnology, Dalian, China) according to the manufacturer's instructions. An aliquot of cDNA equivalent to 100 ng total RNA was used to perform quantitative PCR. Real-time PCR assays were carried out on a real-time PCR system (ABI Prime 7500; Applied Biosystems, Foster City, CA) with the SYBR R Premix Ex Taq TM II kit (DRR820A; Takara Biotechnology). The primers used in this study (Table 1) were designed with Primer Premier v5.0 software according to target gene sequences obtained from GenBank and were analyzed using BLAST on the NCBI website (http://blast.ncbi.nlm.nih.gov/blast.cgi). All primers were synthesized by Sangon Biotechnology (Shanghai, China). The reaction was performed at 95°C for 30 seconds, followed by 40 cycles at 95°C for 5 seconds and 60°C for 34 seconds, and then ramped from 60°C to 95°C for 15 seconds, 60°C for 60 seconds, 95°C for 15 seconds, and finally 60°C for 15 seconds, to obtain the melting curve. The expression of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene served as an internal control. Relative gene expression was quantified using the 2 − Ct method.
Western blot analysis
Frozen specimens (20 mg) of each sample were homogenized in 200 μL of lysis buffer (radioimmunoprecipitation assay:phenylmethylsulfonylfluoride: 100:1; Beyotime, Shanghai, China). The supernatant containing total protein from the tissue homogenate was separated by centrifugation for 10 minutes at 12,000g. Protein concentrations were determined by the bicinchoni nic acid assay (P0010; Beyotime). Samples containing equal amounts of proteins (40 μg/sample) were separated using 15% sodium dodecylsulfate polyacrylamide gel electrophoresis and then electrophoretically transferred to polyvinylidene fluoride membranes. After being washed with a washing solution for western blotting (P0023C; Beyotime) and blocked with a blocking solution for western blotting (P0023B; Beyotime) for 1 hour at room temperature, the membranes were incubated overnight with the primary antibodies at 4°C. The following primary antibodies were used: interleukin (IL)-1β (1:100; orb101745; Biorbyt, Cambridge, UK); IL-8 (1:1000; ab34100; Abcam, Cambridge, UK); IL-10 (1:100; orb10892; Biorbyt); tumor necrosis factor (TNF)-α (1:500; MAB56701; R&D Systems, Minneapolis, MN); and GAPDH (1:2000; M20006; Abmart, Shanghai, China). After washing, the blots were incubated with the following horseradish peroxidase-conjugated secondary antibodies: goat anti-rat immunoglobulin G (IgG; 1:3000; M21001L; Abmart) or goat anti-rabbit IgG (1:3000; M21002S; Abmart) at room temperature for 2 hours. After thorough washing, the membranes were detected with an electrochemiluminesence detection kit (Model 32132 ECL kit; Pierce Biotechnology, Rockford, IL) according to the manufacturer's instructions. The ratios of the relative gray values of IL-1β, IL-8, and TNF-α to that of GAPDH were taken to represent their activity, which was analyzed using Gel-Pro Analyzer version 4.0 software (Media Cybernetics, Rockville, MD).
Statistical analysis
All values are shown as mean ± standard deviation. Data were first analyzed using one-way analysis of variance, followed by the Newman-Keuls multiple comparison test. p < 0.05 was considered statistically significant. SPSS version 16.0 (SPSS, Inc, Chicago, IL) was used for all statistical analyses.
Results
Overall, the animals tolerated the surgical procedures well.
All rabbits in the model group developed sinusitis as confirmed by the observation of mucopurulent secretions in the maxillary sinus after the animals had been euthanized. In the negative-control group, 4 rabbits had a slightly runny nose during the first 2 weeks, but the gelatin sponge completely disappeared, and no pus was found in the maxillary sinus at 4 weeks after the modeling surgery. H&E staining revealed that histologic structure and inflammatory cell infiltration were very different between the different groups. In the model group, the epithelial cells were swollen with large nuclei, and many were damaged or disintegrated. Massive inflammatory cell infiltration, including neutrophils, eosinophils, and lymphocytes, was observed in the subepithelial layer and lamina propria, and was accompanied by submucosal gland hypertrophy (Fig. 1C) . In contrast to the model group, the negativecontrol group (Fig. 1B) showed similar histologic features to those of the blank-control group (Fig. 1A) , in particular normal respiratory mucosa with columnar ciliated epithelium and no significant inflammatory cell infiltration in the subepithelial layer.
In the model group, SEM showed that biofilms were presented in all of the rabbits. The epithelium had been destroyed, and there were no normal cilia; only some spheroidal structures of encapsulated cilia remained (Fig. 1F) . However, in the negative-control group, the integrity of the epithelium was maintained, and there was no evidence of bacterial biofilm formation (Fig. 1E) . The mucosal surface was similar to that in the blank-control group, and appeared normal with intact cilia (Fig. 1D) .
The mRNA expression levels of IL-1β, IL-4, IL-5, IL-8, and TNF-α in the sinus mucosa in the different groups are shown in Figure 2 . The expression of IL-1β, IL-8, and TNF-α was significantly higher in the model group than in the blank-and negative-control groups, whereas expression of IL-4 and IL-5 was significantly lower in the model group than in the blank-and negative-control groups. There was no significant difference in the expression levels of these inflammatory factors between the blank-and negative-control groups.
The results of the western blot analysis are shown in Figure 3 . The gray values of each band were quantified, and the ratios of the relative gray values of IL-1β, IL-8, and TNF-α vs that of GAPDH were statistically analyzed. The analysis shows that IL-1β, IL-8, and TNF-α expression was significantly higher in the model group than in the blank-and negative-control groups (Fig. 4) , which is consistent with mRNA expression levels of the corresponding cytokines. Compared with the blank-control group, the negative-control group exhibited slightly higher expression of IL-1β, IL-8, and TNF-α, although these differences were not statistically significant (Fig. 4) .
Discussion
CRS is now considered to be a cytokine-based inflammatory disease of the nose and paranasal sinuses. 16, 17 However, the type of inflammatory changes in bacterial biofilm-related CRS remains controversial. For example, Hekiert et al found that biofilm-positive mucosa exhibited a robust pro-T-helper 1 (Th1) inflammatory profile as indicated by significantly elevations in interferon-γ , granulocyte colony-stimulating factor, and macrophage inflammatory protein-1, and a nonsignificant elevation in IL-8. 18 However, Foreman et al reported that bacterial biofilmrelated sinusitis mainly involved the increased expression of Th2-type inflammatory factors, such as IL-5 and eosinophil cationic protein. 19 Cantero et al found that initial S aureus biofilm infection of the sinonasal mucosa triggers cytokines associated with a Th1/Th17 polarizing immune response, in which IL-1β, IL-10, TNF, IL-17A, and interferon-γ expression levels were upregulated. 20 The results of these studies were based on the evaluation of clinical specimens. Therefore, the differences between these studies can be explained by differences in factors such as patient constitution, immunologic properties, pathogen species, disease characteristics, and drug treatment history. In this study, we assessed multiple major inflammatory cytokines in a rabbit model of S aureus biofilm-related sinusitis, which minimized the effects of various confounding factors.
To rule out the effect of the gelatin sponge placed within the maxillary sinuses, a negative-control group was set up, in which just a gelatin sponge was placed within the maxillary sinus without the injection of pathogens. At 4 weeks after the modeling surgery, the sponge had been completely absorbed, and there was no evidence of inflammation in the sinus on SEM or H&E staining. In contrast, in the model group, the maxillary sinus was filled with purulent nasal discharge, and the mucosa was swollen. In addition, SEM showed epithelial destruction and biofilm clusters, whereas H&E staining showed epithelial swelling, damage, and disintegration, along with massive inflammatory infiltration in the subepithelial layer and lamina propria.
Both the mRNA and protein expression of IL-1β, IL-8, and TNF-α were significantly higher in the model group than in the blank-or negative-control groups. In contrast, the mRNA expression of IL-4 and IL-5 was significantly lower in the model group (protein expression was not evaluated due to a lack of specific antibodies). Because the negative-control group excluded the effect of gelatin sponge implantation on the expression of inflammatory cytokines, we considered that the aforementioned changes in cytokine levels reflected the mucosal immune response to S aureus biofilms.
We believe that the increased expression of IL-1β and TNF-α may be directly related to planktonic S aureus infections. Studies have shown that S aureus infection can lead to a significant increase in IL-1β expression. 21, 22 Staphylococcal enterotoxin A can induce the production of TNF-α. 23 Similarly, protein A of S aureus is also a potent inducer of TNF-α and IL-1. 24 Considering that the bacterial biofilm may act as a nidus for planktonic bacteria dispersing into the mucosa, the studies just described can very well explain our findings. Thus, we believe that the increased expression of IL-1β and TNF-α was mainly caused by planktonic bacteria dispersed from the S aureus biofilms.
Of the aforementioned inflammatory factors, IL-8 is a neutrophil chemoattractant, which can be secreted by nasal epithelial cells and nasal gland duct cells. 25 The sinonasal mucosal surfaces are lined by epithelial cells that form a barrier between potentially pathogenic microorganisms and * p < 0.01 compared with the blank-control group (p = 0.000 for all), and # p < 0.01 compared with the negative-control group (p = 0.000 for all). There were no significant differences in the expression levels of the inflammatory cytokines between the blank-control and negative-control groups (p = 0.845, 0.224, and 0.072 for IL-1β, IL-8, and TNF-α, respectively). IL = interleukin; TNF-α = tumor necrosis-alpha.
host tissues. The recognition of pathogens by the sinonasal epithelial cells is likely an important initial step in the inflammatory response, in which neutrophils play a crucial role when the invading organism is S aureus. Indeed, a hallmark of S aureus infection is the local accumulation of neutrophils. This characteristic is consistent with our findings that S aureus biofilms were associated with extensive destruction of the mucosal epithelial cells (as observed on SEM) as well as abundant neutrophil infiltration in the mucosa (as noted on H&E staining). Therefore, we suggest that the increased level of IL-8 may be a sensitive indicator of the development and maintenance of S aureus biofilms related to CRS.
Unfortunately, studies have indicated that increased expression of IL-1β, IL-8, and TNF-α not only fails to remove the biofilm but also causes tissue damage, converts acute inflammation to chronic inflammation, and facilitates the formation of S aureus biofilms. For example, although IL-1β and IL-8 can play a protective role in S aureus infection by recruiting neutrophils, 21, 22, [25] [26] [27] the neutrophils themselves are limited in their ability to clear biofilm-embedded S aureus, and the tissue damage resulting from the proinflammatory cytokines, reactive oxygen species, and lysosomal enzymes that are released upon neutrophil lysis and death can lead to a predisposition toward biofilm development. 10 Therefore, we believe that the increased expression of IL-1β and IL-8 may simply reflect the body's active immune response associated with S aureus biofilm infection, in which the recruited neutrophils help to control the bacterial burden and biofilm formation in the sinus mucosa. S aureus can induce epithelial cells to release TNF-α, 28 which in turn activates leukocytes to prevent the spread of bacterial infections. 29, 30 However, the overexpression of TNF-α plays a key role in tissue damage and epithelial cell necrosis. 31 In this study, the mRNA and protein levels of TNF-α were significantly higher in the model group, which is consistent with the extensive destruction of mucosal epithelial cells. Therefore, we believe that increased TNF-& expression may be involved in promoting the destruction of the mucosal epithelium. It was believed that Th2-type inflammatory factors have a crucial effect on the clearance of bacterial biofilms. 32 However, in this study, we found that expression of the Th2-type inflammatory factors (IL-4 and IL-5) was lower in the model group than in the control groups. The mechanism by which S aureus biofilms lead to the reduction of Th2-type inflammatory factors is not yet clear. We believe it may be related to the following reasons. First, S aureus biofilms increase the expression of Th1 inflammatory factors, such as IL-12 and interferon-γ , 10 and downregulate Th2-type inflammatory responses by blocking the expression of IL-4. 33 Second, Th2-type inflammatory responses are antibody-mediated responses, which may be downregulated both by the early host cytokine response to S aureus infection and by the S aureus superantigens, capsule, and other toxins. 34 As Th2-type inflammatory factors play a crucial role in the removal of bacterial biofilms, we suspect that the formed bacterial biofilms may consume a large number of these inflammatory factors, but this view needs further research to be confirmed.
Taken together, our findings suggest that S aureus biofilms lead to a complex inflammatory response in the rabbit maxillary sinus mucosa, which is characterized by the increased expression of IL-1β, IL-8, and TNF-α and the decreased expression of IL-4 and IL-5. This skewing not only influences the propensity of S aureus infection to progress from an acute infection to a biofilm infection but also reflects, to a certain extent, the growth trend of the bacterial biofilms and the damage it inflicts on the mucosal epithelium.
